We consider a baryogenesis scenario via the oscillation of right-handed neutrinos with Majorana masses of the order of GeV, which are also responsible for neutrino masses by the seesaw mechanism. We study how the initial condition alters the prediction of the present baryon asymmetry by this mechanism. It is usually assumed that the abundance of right-handed neutrinos is zero after the reheating of the inflationary universe and they are produced in scattering processes by the renomalizable Yukawa interaction. However, the higher-dimensional operator with right-handed neutrinos may provide an additional production which is most effective at the reheating epoch. It is shown that such an initial abundance of right-handed neutrinos can significantly modify the prediction when the strong washout of the asymmetry is absent. This leads to the parameter space of the model for the successful baryogenesis being enlarged.
Introduction
The baryon asymmetry of the universe (BAU) is one of the most mysterious numbers in particle physics and cosmology. The present baryon-to-entropy ratio, Y B = n B /s with the baryon number density n B and the entropy density s, is observed as [1] Y obs B = (8.677 ± 0.054) × 10 −11 .
to baryogenesis and the overall magnitude of the neutrino Yukawa coupling constants which quantifies the washout effect of the asymmetries. We will then consider several choices for these quantities leading to different situations of this baryogenesis.
As we will show below, when the neutrino Yukawa coupling constants are large enough, the initial abundance of the right-handed neutrinos does not affect on the produced BAU due to the strong washout effects. This result is consistent with the previous analysis. On the other hand, in the weak washout region, the situation is drastically changed and the impact on baryogenesis can be classified by T osc and the initial condition of the matrices of densities. The off-diagonal element of the initial matrices of densities can significantly affect to the produced BAU when it is sufficiently large. As T osc decreasing, the effects on the produced BAU from all elements of the initial matrices of densities are significant. In addition, the CP violating effects in the initial values of the matrices of densities can offer an additional source of the BAU. These conclusions are different from the previous one.
This paper is organized as follows. We will present our framework in the next section. The impacts on the dark matter physics and baryogenesis will be discussed in Secs. 3 and 4. We will conclude our paper in Sec. 5 . In addition, we review the production of right-handed neutrinos via higher-dimensional operator in App. A and the parametrization of the neutrino Yukawa coupling constants in App. B. Finally, we present the evolution of the yield of the BAU in various situations in App. C.
The framework
We consider the νMSM, an extension of the SM by three right-handed neutrinos ν R I (I = 1, 2, 3). The
Lagrangian is given by
where L SM is the SM Lagrangian, and Φ and ℓ α (α = e, µ, τ) are the weak doublets for Higgs and left- The left-handed neutrino is then written as
where U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix for active neutrinos [20] and Θ = M D /M M is that for HNLs. The masses of active neutrinos m i are determined from
On the other hand, N I ≃ ν R I and the masses of HNLs are given by M I .
In the νMSM, the lightest HNL N 1 is a candidate for dark matter and the heavier ones N 2 and N 3 realize the seesaw mechanism of active neutrino masses and baryogenesis via neutrino oscillation for the BAU. Since the dark matter can radiatively decay into pairs of active neutrino and photon, the mixing angle is highly constrained from x-ray observations depending on its mass [21] . According to such severe constraints, the dark matter abundance is difficult to be explained by the nonresonant production [22] together with the constraint from the structure formation [23] . On the other hand, the smaller mixing region is possible to explain the dark matter density by invoking the resonant production [24] in the presence of large lepton asymmetry at the production period. In any cases, since the Yukawa coupling constants of N 1 must be highly suppressed, it plays substantially no role for the seesaw mechanism and baryogenesis. As a result, the Yukawa coupling constants of N 2,3 should be chosen in order to explain the tiny active neutrino masses. (See App. B.) Thanks to the smallness of the Majorana masses, their coupling constants are found to be small.
The production of these right-handed neutrinos at high temperature region (T ≫ 10 2 GeV) is ineffective as long as it is governed by the Yukawa interaction. This is because the required coupling constants are suppressed and the production rate being proportional to T is much slower than the expansion rate proportional to T 2 . Consequently, it is considered that the abundance of right-handed neutrinos is essentially zero after the inflation. This is the conservative initial condition for considering dark matter and baryogenesis in the νMSM.
In this analysis we study the effects on physics of HNLs by a higher-dimensional operator
where Λ is a cutoff scale and A is a coupling matrix. It should be noted that A is not a diagonal matrix in general, which is crucial for baryogenesis as will be shown later. We assume that all the elements A I J are of the same order of magnitude (i.e., of the order of unity) for simplicity. The impact of the operator (5) has already been discussed in Ref. [19] , especially in the context of the Higgs inflation. Here, we revisit this problem paying a special attention to the impact on baryogenesis. In order to make a more general discussion we take the reheating temperature T R as a free parameter without specifying the inflation model.
One of the impacts by the operator (5) is a correction to the Majorana masses for right-handed neu-
where M P ≃ 2.4 × 10 18 GeV is the reduced Planck mass. It is seen that such corrections are significantly smaller than the masses of HNLs, namely much smaller than the typical mass O (10) keV of the sterile neutrino dark matter, and then they give only negligible impact on the masses of active neutrinos and HNLs. It should, however, be noted that such a correction might be important for the mass difference between N 2 and N 3 , which is a key parameter for the baryogenesis via neutrino oscillation. In this case the mass difference used to estimate the BAU should be considered as the one given by M M + δM M .
Another consequence of the operator (5) is the additional production of right-handed neutrinos by scatterings of Higgs particles at the reheating epoch [19] . Note that the production rate due to the operator scales as T 3 and then a sizable amount of ν R may be generated at the reheating epoch.
Let us consider the scattering process by the operator (5)
where four real scalar fields of Higgs doublet are denoted by φ a (a = 1, 2, 3, 4). We introduce the matrices of densities of the right-handed neutrino states with the positive and negative helicities
where V is the space volume andρ(t ) is the density matrix operator. The annihilation and creation operators of ν R I with helicity h and momentum k are denoted byâ
( k , h), respectively. As explained in App. A, the contributions from the production process (7) are estimated as
Here r N and r N are the matrices of densities for right-handed neutrinos which are normalized by the 
Impact on dark matter
Now let us study the first topic of this article, the impact of the operator (5) on dark matter physics. In the νMSM the lightest HNL N 1 is a dark matter candidate. In the conventional scenario N 1 is produced by the scattering processes through the weak interactions with the mixing Θ α1 [22] , and the dominant production occurs at the temperature T * ∼ 100 MeV for M 1 ∼ keV. The present abundance of dark matter is given by [1]
where Ω dm is the present density parameter of dark matter component and h is the present Hubble parameter in unit of 100 km/sec/Mpc. This abundance can be explained by requiring the mixing elements as [25] Such a dark matter candidate is constrained from various cosmological observations. From the cosmic x-ray observations, the radiative decay N 1 → ν + γ is severely restricted and the strong upper bound on α |Θ α1 | 2 is obtained [21] . In addition, N 1 with keV mass, which plays a role of warm dark matter, receives the constraint from the cosmic structure and the lower bound on M 1 is obtained [23] . The present status of this dark matter scenario is difficult to realize within the simplest thermal history. See the discussion in Ref. [26, 27] .
On the other hand, when there exists a sizable lepton asymmetry around T ≃ T * , the resonant production of N 1 occurs [24] . In this case the mixing elements much smaller than Eq. (11) can account for the dark matter abundance (10) and the severe x-ray bound can be avoided. See the analysis in Ref. [28] .
Interestingly, as shown in Refs. [29, 30] , the required lepton asymmetry can be originated in the dynamics of N 2 and N 3 without introducing any new physics.
Now we turn to discuss the impact of the higher-dimensional operator (5 
in order that the abundance Ω N 1 in Eq. (12) does not exceed the observed value (10), which is shown in because N 1 → νγ is forbidden and the test at KATRIN [31, 32] is also impossible because N 1 cannot be produced in tritium beta decay.
Finally, we would like to comment on the impact on the DM scenario specific to the νMSM. As we mentioned before, the heavier HNLs N 2,3 have to generate the lepton asymmetry via oscillation mechanism not only for the baryon asymmetry but also for the resonant production of the DM [24] after sphaleron freeze-out [30] . Below the sphaleron freeze-out temperature N 2,3 get in thermal equilibrium and decouple just before the lepton asymmetry generation for the resonant DM production. This means that the initial values of the matrices of densities are irrelevant for the generation of the lepton asymmetry mechanism for the DM since the initial information is lost through the above thermalization.
However, the higher-dimensional operator gives the impact differently. As we will show below, thanks to
, the model parameter space to realize the correct amount of the BAU #1 It is possible to realize a mixed dark matter scenario where both N 1 's produced at the reheating and T ≃100 MeV periods contribute the present dark matter density comparably.
becomes wider than the case of [r N ] I I J = 0. In this case the late-time lepton asymmetry production discussed in [30] could be achieved in the relaxed parameter space. This enlarges the possible space of the resonant DM production. However, the quantitative analysis of the resonant DM production is beyond the scope at the moment.
Impact on baryogenesis
Next, we turn to discuss the impact of the initial abundance (9) on baryogenesis. In the considering model, the sufficient amount of the BAU can be generated by the mechanism via neutrino oscillation, namely by the oscillation between the quasidegenerate N 2 and N 3 [16, 17] . We then write
Such an impact has also been studied in Ref. [19] . It has been shown that, when all the initial values of the matrices of densities are sufficiently small as shown in Eq. (13) in order to avoid the overproduction of dark matter particle, the yield of the BAU does not change significantly. We shall revisit this problem paying a special attention to the initial value of
. Such an element can be generated at the reheating epoch because the coupling matrix A is not diagonal in general and the basis of right-handed neutrinos at high temperature regions is different from the vacuum one. See the discussion in App. A. As we will show below, the initial value of [r N ] I I J can alter the final BAU significantly even if they satisfy the condition (13), which should be contrasted to the previous results in Ref. [19] .
We estimate the yield of the BAU Y B by solving the coupled equations for the matrices of densities 
where
The equations for [r N ], [r N ] and µ X α have been discussed in Refs. [16, 17, 29, 30, [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . In this analysis, we take into account the interaction rates induced by the top Yukawa and gauge interactions and also their temperature dependence by renormalization group equations effect. #2 See the details, for #2 The effects of the lepton number violation [44, 45] and the CP violating Higgs decays [46, 47] have been discussed in recent years, which are missed in the present analysis, but such effects are expected not to change the final results of this paper qualitatively.
example, in Ref. [48] .
and the values of constants are (c
Q ) = (2.52, 3.10, 2.27), and (c
V ) = (3.17, 3.83, 2.89). In the above equations, we use the running coupling constants at the scale T evaluated from the one-loop renormalization group equations. We use the coupling constants at top mass scale as y t = 0.93690, g ′ = 0.35830, g = 0.64779, and g 3 = 1.1666 [50] .
We solve numerically the kinetic equations (16)- (18) and evaluate the chemical potential µ X α at T = T sph where T sph is the freeze-out temperature of the sphaleron process. In this analysis we take T sph = 130 GeV [51] . The prediction of the present BAU is then given by
where we have assumed that there is no additional entropy production for T < T sph . The yield of the BAU depends on M N , ∆M, and the neutrino Yukawa coupling constants. Especially, M N and ∆M are important parameters to determine the temperature T osc when their flavor oscillation starts, which is given by
where M 0 = 7.1 × 10 17 GeV. In addition, the parameter X ω in the neutrino Yukawa coupling constants (see Eq. (40) in App. B) is another important parameter for baryogenesis. This is because it determines #3 We use the values at T = 10 4 GeV for simplicity. See the detail in Ref. [49] . * so that there is no asymmetry for any number initially.
The effect of the non-zero initial value is represented by the deviation which is defined by
Here =0 is the one when the initial value is present. We fix M N = 3 GeV as a representative value and take the parameters of the Yukawa coupling constants explained in Apps. B and C. We then study how the deviation δY B changes by the initial value of the matrices of densities.
First of all, let us consider the case when X ω = 1 and the Yukawa coupling constants are sufficiently small so that the washout effect is negligible. The results of the deviation (25) are represented in Fig. 3 .
In this case the impact of the initial values diverge depending on ∆M.
For the region with ∆M ≪ 10 −10 GeV, the oscillation temperature T osc (24) is much smaller than T sph and the oscillation effect to generate the BAU is ineffective. In this case, as shown in Fig. 3 (a) MeV. The bound gives the condition for the inflation under which the present BAU can be predicted only by the weak scale physics. This clearly shows that the prediction of the baryon asymmetry can be affected by the processes at the reheating epoch even if one demands that such a effect on dark matter is negligible, which is opposite to the previous one [19] .
We find that the key parameter in this case is Im[r N ] 23 . Each initial value, as shown in Fig. 4 , gives the additional contribution to Im[r N ] 23 and, if it alters the value at T = T sph in which the baryogenesis is most effective, the yield of the BAU is modified significantly. See also Fig. 8 in App. C.1.1.
Next, we consider the region ∆M = 10 −10 GeV in which T osc ∼ T sph . In fact, as shown in Ref. [17] , this case gives the maximal value of the BAU as a function of ∆M (if one can neglect the washout effect). In this case, as shown in Fig. 3 (b Fig. 3 (c) . Therefore, we have found that the initial values of the matrices of densities can change the prediction of the BAU drastically even if the overproduction of dark matter is avoided.
Especially, the impact from the off-diagonal elements is found to be significant in any cases.
We then discuss the impact of the initial value Im[r N ] . This is expected since the information of the reheating epoch is lost due to the rapid thermalization processes. We also find by numerical calculations that this behavior does not change when the mass difference becomes smaller so that T osc ≪ T sph (which should be contrasted with the X ω = 1 case). Therefore, in the strong washout region the prediction of the BAU is insensitive to the initial values of the matrices of densities and the baryogenesis is just the 
Conclusions
In this paper we have investigated the impacts of the higher-dimensional operator (5) In such a case, right-handed neutrino N 1 can be dark matter even if its mass is much large than 10 keV scale, as long as the stability is ensured due to the discrete symmetry. It should, however, be noted that these significant effects can be induced only if the reheating temperature is very high and/or the cutoff scale is lower than the Planck scale. Otherwise, the effects of the higher-dimensional operator is negligible and the dark matter production must rely on a low energy physics.
We have also discussed the impact on baryogenesis. It has been shown that the initial values do not change the yield of the BAU in the strong washout region as long as the overproduction of dark matter N 1 is avoided. Thus, in these cases the baryogenesis in the νMSM is insensitive to the physics at high energy scales such as the processes at the reheating epoch after the inflationary universe. In this case, the baryon asymmetry is a consequence of the mechanism at the weak scale physics. This strong washout region is very motivated since N 2 and N 3 are expected to be explored by future experiments as SHiP [53] , LBNE (DUNE) [54] , and FCC-ee [55] due to the larger mixing elements.
On the other hand, we have found the significant deviation due to the initial values in the weak washout region, which is contrasted to the previous study in Ref. [19] . When the oscillation effect is less important for baryogenesis (T osc ≪ T sph ), the initial values of all the components are important.
On the other hand, when T osc T sph and the baryogenesis is induced by the oscillation of N 2 and N 3 , the initial values of the real and imaginary parts of the off-diagonal element are found to be significant. or the cutoff scale becomes higher. Otherwise, in the weak washout region the baryogenesis receives the influence of high energy physics. In some cases the generation of the BAU can be boosted and hence the region for the successful baryogenesis in the νMSM is enlarged.
Again, we would like stress that these impacts of the higher-dimensional operator are available only if the reheating temperature is very high and/or the cutoff scale is lower than the Planck scale. Otherwise, the baryogenesis in the νMSM must be explained by the renormalizable Lagrangian.
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A Production of right-handed neutrinos
In this appendix we discuss the production of right-handed neutrinos by the operator (5). To make our argument clear, let us move to the basis in which the coupling matrix A is diagonal. This can be done by the unitary transformation as
where the mixing matrix V R is defined by the diagonalization of A as
As we will see below, the production is most effective at the reheating epoch and the basis with ν ′ R is more relevant to describe the production since the Majorana masses are negligible for T R ≫ M I .
Let us then consider a pair production of ν
where p 1,2 and h 1,2 are three momenta and helicities of final particles, and four real scalar fields of the Higgs doublet Φ are denoted by φ a (a = 1, 2, 3, 4). The helicity amplitude is given by
where P L,R are chiral projection operators P L = (1 − γ 5 )/2 and P R = (1 + γ 5 )/2. By neglecting the masses of right-handed neutrinos, we find the amplitudes in the center-of-mass frame are given by
where p 1 = | p 1 |(sin θ 1 cos ϕ 1 , sin θ 1 sin ϕ 1 , cos θ 1 ) and s is the center-of-mass energy. It can be seen that the pair of the same helicity state is produced. The cross-section of the process (28) is [19] σ(φ a + φ a → ν
where the sum of helicities in the final state has been taken. Then, the scatterings of φ a at reheating epoch generate ν ′ R I and its yield for T ≪ T R is given by [19] n ν
This leads to the matrices of densities for right-handed neutrinos and their antiparticles in the ν ′ R basis as
It is then found from (26) that the matrices of densities in the ν R basis are given by
We can see that r † N = r N and r † N = r N as expected, and also that r N = r * N which means that there is no asymmetry between ν R I and ν R I induced by the process (28).
B Yukawa coupling constants of N 2 and N 3
In this appendix we show the parametrization of the Yukawa coupling constants of N 2 and N 3 . We follow the notation in Ref. [52] .
Without loss of generality we can parametrize F αI (I = 2, 3) as [56, 57] #4
Here 
with s i j = sin θ i j and c i j = cos θ i j . δ is a Dirac phase and η is a Majorana phase.
Throughout this work we consider the normal hierarchy of active neutrino masses:
#4 We set the coupling for dark matter N 1 as F α1 = 0 for simplicity, since they are severely restricted by the cosmological constraints [27] .
As for the mixing angles and mass squared differences, we use the central values in Ref. [58] . 
Here ω is a complex parameter and we parametrize its imaginary part as
and the real part is denoted as ω r . Note that the physical region of these parameters is found, for example, in Ref. [59] . In the present analysis, we take the following values in all cases for simplicity.
C Evolution of baryon asymmetry
In this appendix we shall show the evolution of the yield of the BAU depending on the non-zero initial value of the matrices of densities [60] . Note that the absolute value of Y B is shown in the figures below and Y B is negative in some regions. Here, Y B is not the present value of the BAU but it is given by
until T = 100 GeV, which should not be confused with Y B in Eq. (23).
C.1 Weak washout regime
First of all, we consider the region in which the Yukawa coupling constants are so small that the washout process of the asymmetries is ineffective.
C.1.1 The case with T osc ≪ T sph
We take the following parameter set.
which correspond to the case Fig. 3 (a) . The evolution of |Y B | is shown in Fig. 8 . 
C.1.2 The case with T osc ∼ T sph
which correspond to the case Fig. 3 (b) . The evolution of |Y B | is shown in Fig. 9 . 
C.1.3 The case with T osc ≫ T sph
M N = 3 GeV , ∆M = 10 −7 GeV , X ω = 1 , ω r = +0.909 , δ = 1.45 , η = 2.15 ,
which correspond to the case Fig. 3 (c) . The evolution of |Y B | is shown in Fig. 10 . 
C.2 Strong washout regime
Next, we turn to consider the region in which the Yukawa coupling constants are so large that the strong washout of the asymmetries takes place.
C.2.1
The case with T osc ∼ T sph and X ω = 0.1
M N = 3 GeV , ∆M = 10 −10 GeV , X ω = 0.1 , ω r = +0.909 , δ = 1.45 , η = 2.15 ,
which correspond to the case Fig. 6 (a) . The evolution of |Y B | is shown in Fig. 11 . 
C.2.2
The case with T osc ∼ T sph and X ω = 0.01
M N = 3 GeV , ∆M = 10 −10 GeV , X ω = 0.01 , ω r = +0.909 , δ = 1.45 , η = 2.15 ,
which correspond to the case Fig. 6 (b) . The evolution of |Y B | is shown in Fig. 12 . 
